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Abstract 

The forward Compton scattering amplitudes for carbon and lead have 
been calculated from total photoabsorption cross section data by using dis- 
persion relations. The results show a large difference between the scattering 
amplitudes for nuclei and the free nucleon, above the A region. Difference 
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between carbon and lead is also evident. The forward Compton scattering 
cross sections have been calculated and compared with the available data. 
The Weise sum rule is discussed together with the predictions of a recent 
theoretical model. 

PACS: 14.20. Gk, 21.60.-n, 25.20. Dc 
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1 Introduction 

Intermediate energy photonuclear reactions have been intensively studied in the 
last few years to investigate the nucleon's properties in nuclear matter. In this 
context, the spin averaged Forward Compton scattering Amplitude (FCA) is an 
interesting quantity, since it is directly related to the scattered wave function 
and to the scattering potential. In addition, it allows to connect photon-nucleon 
and photon-nucleus cross sections through a generalized photoabsorption sum 
rule which reconciles the enhancement of the low-energy integrated photonuclear 
cross section over the classical dipole sum with the shadowing behaviour observed 
at high-energy. 

In 1988, Ahrens et al. fl|] performed a dispersion relation analysis of the pho- 
toabsorption cross section. Due to the lack of nuclear data at intermediate en- 
ergies (from about 0.5 to about 2 GeV), their analysis was accurate to energies 
up to the A resonance region. They found that the real part of the nuclear FCA 
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has a universal zero at the photon energy u = 327 ± 5 MeV throughout the 
periodic table, and close to the zero for the free proton, found at uj = 318 MeV. 
This fact was interpreted as a clear evidence that the A-resonance survives as a 
quasi-particle in nuclei with mass shifted by only a small amount from the free 
A-resonance mass. On the contrary recent measurement of the total photoab- 
sorption cross sections for several nuclei in the energy region 300-1200 MeV has 
shown that the A-resonance mass and width increase almost linearly with the 
nuclear density [0. 

The topic of the hadronic mass modifications in the nuclear medium has 
received intense interest of the theoretical community. For a review see refer- 
ence [Q. In particular, it is worth noticing that the nuclear medium dependence 
of the baryon mass implies a change in the properties of the vacuum which trans- 
lates into a scaling (density and/or temperature dependence) of the free model 
paramenters. In this context recently Mukhopadhyay and Vento j§] have anal- 
ysed the baryon and meson mass shifts in nuclei in the framework of two different 
Q CD-inspired models, offering for the first time different insights and connections 
in a subject well known in the traditional nuclear physics domain. In particular 
their investigation has shown that the baryon mass shift suggests a partial quark 
deconfinement in the nuclear medium. 

Recently, Boffi et al. || used the Weise sum rule |J to check the consistency of 
the model they proposed for describing the resonance broadening and shadowing 
effect in the nuclear photoabsorption. Their finding is that above 1 GeV a region 
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should exist where impulse approximation is valid, i.e. the Compton amplitudes 
for free and bound nucleons are the same. In addition, because of the influence 
of nucleon correlations, they predicted a small anti-shadowing effect at photon 
energies below 2 GeV, where no photoabsorption data were available at the time. 

Given the new photonuclear data in the intermediate energy region |7|, [| , the 
total photoabsorption cross section is now well known for a series of nuclei at 
photon energies up to about 80 GeV. This allows an accurate dispersion relation 
analysis over the nucleonic resonances and shadowing threshold energy regions. 
In this paper this analysis is performed for carbon, lead, proton and neutron from 
uj = 0.14 to u = 5 GeV. In section 2 we give the formalism used in the analysis, 
in section 3 we describe the procedure for the calculation of the FCAs, in section 
4 and 5 we present and discuss the results for the FCA and the forward Compton 
scattering cross section, and in section 6 we recall the major findings. 

2 Formalism 

2.1 The Forward Scattering Amplitudes 

The imaginary part of the FCA, f 7j A, for photon scattering on a nucleus of mass 
number A is related to the nuclear total photoabsorption cross section, cr 7jJ 4, 
through the optical theorem 




(1) 
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Once the a li A,( u ) is known for all energies, the real part of the FCA can be 
calculated by using the Kramers- Kronig relation and the well known Thomson 
limit § 

where Z is the number of protons in the target, S = 2n ^ 2 = 60 GeV fib is the 
value for the classical dipole sum, m is the nucleon mass, and P denotes the 
principal value of the integral. 

For energies above the pion photoproduction threshold, /i, it is useful to isolate 
in Eq. 2 the contribution below \i [[J : 



and, using the Taylor expansion of the second term on the right-hand side, 



where 



1 /■/* 



,a(^)^' (5) 



and 



are the first and third terms in the Taylor expansion. The S(u) term, which 



main contribution comes from the quasi-deuteron region {u = 80 — 140 MeV), 
is small compared to S M |8|, [^, 10]. In this energy range and for all nuclei, 



-W 7)J 4(a;) < \o^ a A x = 200 /ib then one can write: 



a max 3 3 

\S(u)\ < \S max (uj)\ = | - -f-r^-A = 3.38^-GeV^b (7) 



which is low for uj » fi. In the following calculation we assumed S = in 
Equation |, and evaluated the upper limit of the relevant error due to this ap- 
proximation by using the relation |7]. 

2.2 The Weise sum rule 

Using the dispersion relation in Equation |] for the nucleon and for the nucleus, 
Weise derived the following sum rule ||: 

jf" dua, A (u) = ^S[l + C(A, Z)\ , (8) 



where 

c(A z) = 

NZ \ S 

R(ujq) = 2n 2 [A eff (uJo)Ref ltN (uJo) - Ref 1}A (u] )} , (10) 



A ef}M _ x 

A 



(9) 



A eff {u ) - A eff {uj 



I(uj )=uj duo — 11 ^ cr lN (u), (11) 



Uq — UJ 2 
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A e ff = crryA/cTyN is the effective number of nucleons participating in the photon- 
nucleus interaction, loq is an energy at our disposal, large compared to the 
pion threshold /i, the free nucleon FCA / 7i jv(u;), and the photon-nucleon cross sec- 
tion <t 7) jv(w), are defined as an average over the numbers of protons and neutrons 
in the nucleus: 

Z N 

Un( u ) = jf-rM + -jf-rAv) ' ( 12 ) 
Z N 

a 1)N (u) = — cr 7iP (u;) + — (Ty t n( u ) ■ ( 13 ) 

3 Calculation procedure 

We performed the calculation of the real part of the FCA of Equation |] by using 
the experimental values of S M (specifically: 1.91 NZ/A for carbon and 1.75 NZ/A 
for lead g |, [HJ) and fits to the whole set of available data 0, Q, |TT|, 0, |T§ for 
the numerical integration of the high energy integral. 

As a fitting expression we used the sum of a resonance and a background 
contributions, were the latter includes all non-resonant processes. Here, our main 
interest has not been focoused on the extraction of the resonance parameters, but 
only on the determination of the most faithfull mathematical description of the 
data. 

The resonance contribution for the nucleon and the nuclei has been parametrized 
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by a superposition of Breit-Wigner shapes [[14 



' M 2 r? 



-Us) = E- i {s _ M f )2 l +MiVr (14) 



where Tj = r°(^-) 2 "' 1 ; s = 2muj + m 2 ; <7j, M* and are free parameters; k and 
fc r are the center of mass photon momenta at the energy uj and at the resonance 
peak energy, respectively; and ji is the photon total angular momentum. The 
index i refers to the six resonances considered in the fits, specifically: the P33, 
-D13, F15, Pn, F37, Six. 

For the nucleon and for photon energies uj up to 4 GeV, we calculated the 
background contribution with the expression 



*22(«0 = + - «?p[-2(u; - //)]} , (15) 



where the indexes p and n refer to the proton and neutron, and the constants are 
b\ = 91 fib, b p 2 = 71 A fib GeV 1 / 2 , 6? = 87 fib, b n 2 = 65 fib GeV 1 / 2 (T|. Above 



4 GeV we fitted the cross sections to the following expression, which is known to 
provide a good Regge behaviour Jy| 



o££(u) = X^s - 0808 + Y^s- 0A525 , (16) 



with X p ( n ^ and Y p ^ free parameters. 
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For the nuclei, we calculated the background contribution with the expression 



N 



.4 



.4 



(17) 



To this, we added a coherent contribution, a c , through the quasi-deuteron model: 



( \ T NZ ( \ 



with the deuteron photodisintegration cross section, a^d-^npiyj), calculated by 



using the fit of Rossi et al. 17], and the Levinger constant values L given by 



Tavares et al. [18|. In addition, to include the shadowing effect, we multiplied 
the cross section for nuclei by the factor 



h(uo) = 1 - K x exp{-K 2 /u 2 ) - K 3 exp(-K A /uj 2 ) , 



(19) 



with the constants Ki (i = 1,4), different for each nucleus, being free parameters 
in the fit. 

In Figure |I| we compare the fits with the data: the reduced \ 2 are 0.37, 
0.13, 0.4 and 0.22 for C, Pb, p and n, respectively. The data for proton are 



from reference [12], those for carbon and lead are the total photo-hadronic cross 
sections from the HEPDATA compilation |H| and from references [7J 0. The 
data for the neutron were obtained from the deuteron ones |T2J by using the 
procedure described in references O, [H3 . 



^5 




Figure 1: Data for the total photoabsorption cross section and the relevant fits 
used in the calculation of the FCA for the given nuclei . 
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4 The forward Compton amplitudes 

The real and imaginary parts of the FCA were calculated from Equations (|T|) 
and (H) by numerical integration of the fits to the photoabsorption cross sections. 
The results are shown in Fig. |2|. In order to give an estimate of the error due 
to the approximation 5 = used in Eq. |], the quantity 6 max (u) is also shown in 
the Figure. As it is seen, |# moz (u;)| < 0.1 GeV fib for uj > 0.3 GeV and therefore 
the used approximation is reliable above that energy. For the sake of comparison 
with the free-nucleon, the nuclear FCAs have been divided by the relevant mass 
numbers. Henceforth the shortned form FCA expresses this quantity. 

Both the real and the imaginary FCA curves for the free-nucleon and for 
the nuclei have similar shapes in the A-resonance region, reflecting clearly the 
A-resonance excitation in the nucleus. The different A-resonance width, which 
is more clearly seen in the Imf(u) curves, is due to Fermi motion and to A- 
resonance propagation in nuclear matter. 

On the contrary, above the A-resonance region and up to u ~ 1.2 GeV, they 
are quite different: while the signatures of the high- mass nucleon resonances are 
evident in the curves for the free-nucleon, they are absent in those for nuclei. 
This difference can not be attributed to the smearing due to the integration 
over the Fermi momentum only |[20|| . Moreover, the absolute values of the real 
and imaginary FCA curves for the bound-nucleon are significantly lower than 
those for the free-nucleon. The latter effect persists at higher energies where the 
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co [GeV] 



Figure 2: The FCA for the given nuclei as a function of the photon energy. 
The curve for the free-nucleon is calculated from Eq. 2 assuming Z=N=A/2. 
The dotted line represents the 5 max contribution (multiplied by a factor 10) of 
Eq. (7). 
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resonance contribution vanishes. This fact may reflect the onset of the shadowing, 
as suggested in ref. 0. 

The energies uj* at which Ref(uj*) = (henceforth called zeros of Ref), 
that correspond to the maximum in the photoabsorption cross sections, give 
an indication of the A-resonance peak positions. For the proton one finds uj* = 
0.317±0.002 GeV. In the Breit-Wigner parametrization of the A-resonance given 



by Walker et al. [|1J] this result is in good agreement with the A-mass value Ma = 
1.232 GeV. This finding suggests that, in spite of the presence of a non-resonant 
background the zero of Ref is a meaningful indication of the A-peak position. 
For carbon and lead one finds u* c = 0.328 ± 0.002 GeV and uj* Pb = 0.332 ± 0.002 
GeV. Assuming that the non-resonant contribution is not very different for nuclei 
as compared to the nucleon, this confirms the increase of the A mass inside nuclei 
suggested in previous analyses 

The differences in the FCA for free and bound nucleons are more cleanly seen 
in the Argand plots shown in Figure |3|. While in the free-nucleon curve one sees 
the loops that reflect the presence of the resonance peaks in the cross section, for 
carbon and lead there is only the loop corresponding to the A-resonance, while 
those for the high energy resonances disappear. The curve for carbon shows a 
cusp just after the A-loop, at uj = 0.525 GeV corresponding to the minimum in 
the imaginary part of FCA. Also for lead the main deviation from the free-nucleon 
behavior starts around 0.525 GeV. This deviation can be ascribed to the different 
relative strength of the resonance and background contributions in nuclei respect 
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to the nucleoli recently suggested p2|, E3] 



5 The forward Compton scattering cross sec- 
tion 

Using the above determined FCAs, we have calculated the forward Compton 
scattering cross sections for proton, carbon and lead 



^^(6 = 0,u) = \f,A")\ 7 - (20) 



The results are shown in Figure ^ as can be seen, the difference between bound 
and free nucleons is enhanced since the nuclear Compton cross section is equal 
to the sum of the squares of both the real and imaginary parts. The high-mass 
nucleon-resonances are clearly seen in the proton curve, but are absent in the 
nuclear ones. 



Also shown in the Figure are the available data for proton [24, 25, 26, 27 



and carbon |28|, [29| . Unfortunately, there are no data for lead and the interesting 
region of the nucleon-resonances is uncovered by the experiments for carbon. 
It is worth noticing that proton data at energies between 0.6 and 1.6 GeV are 
obtained by extrapolating from Compton scattering measurements at relatively 
high scattering angles (0 c .m. > 35 deg) pi, E5L E61 and then suffer for larger (up to 



±22 %) systematic uncertainties (not shown in Fig. |), due to the extrapolation 
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Figure 3: The Argand plot of the FCAs for the given nuclei. The curve for the 
free-nucleon was calculated assuming Z=N. 
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procedure. The overall good agreement found between the curves for proton 
and carbon and the corresponding data demonstrates the reliability of the FCA 
values calculated with Equations [I] and |j. In addition, this agreement shows 
the consistency between two complementary sets of data: specifically, the total 
photoabsorption and the forward Compton scattering data. 

This validation of the FCAs is also a verification of the Weise sum rule, which 
is trivially satisfied by the FCAs calculated here, as can be easily verified by 
direct substitution of Equation ( |j) into Equation (|8|). 

The FCA curves are also a useful tool for testing the validity of the models 
recently proposed to describe the damping of high-mass nucleon-resonances in 



nuclear medium |22|, |30|, and the shadowing effect at high energy ||. 

As an application, we examine the analysis performed by Boffi et al. who 
evaluated the quantity R(u) of Equation ( ITU] ) for uranium. In Figure ^| we show 
their predictions together with our results for carbon and lead. As it is seen the 
two calculations largely disagree in the whole energy range, and the disagreement 
is stronger than expected from mass number dependence. In the A-region it arises 
from the less accurate Breit-Wigner parametrization of the nucleon-resonances 
used by Boffi et al., which results in a shift of the resonance- mass. At higher 
energies it is due to a not accurate accounting of the shadowing contribution which 
produces an overestimate of the new photoabsorption data. The disagreement is 
still larger with the calculation where the two-nucleon correlations are included, 
which give an antishadowing effect for uo < 2 GeV. 
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Figure 4: Forward Compton scattering differential cross section as calculated 
with the FCA worked out is this paper. Open and closed circles are data for 
proton [24, 25, 26, 27] and carbon [28, 29]. 
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Figure 5: The quantity R(uj) defined in Equation 10 calculated for lead (solid 
line) and carbon (dashed-dotted line) is compared with the results for uranium 
both in the case of correlation (dotted line) and without correlation (dashed line) 
from reference [5]. 
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6 Conclusion 

We have used the data set of the total photoabsorption cross section on car- 
bon and lead, now available in the full range from 0.14 to 80 GeV, to perform 
an accurate dispersion relation analysis and to determine the forward Compton 
scattering amplitudes and cross section. The results of this analysis show that 

i) in the A-resonance region, the FCA curves for the nuclei are similar in 
shape to the free nucleon ones and the locations of the zero of Ref y A(u>) 
suggest a shift of the A-resonance mass inside nuclei, in agreement with the 
conclusions previously drawn from a different analysis f2l |; 



ii) in the high-mass nucleon resonance region, the FCA curves for the nuclei 
strongly differ from the free-nucleon one. The FCA Argand plots for the 
nuclei show a sharp deviation from the corresponding curve for the free- 
nucleon in between of 0.5 - 0.6 GeV, with no signature of high-mass nucleon 
resonances; 

iii) above the nucleon resonance region the reduction of the FCAs for the nuclei 
may reflect the onset of the shadowing effect; 

iv) the forward Compton scattering cross sections derived from the FCAs for 
carbon and proton are in good agreement with data. 
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